Abstract. Episodes of high levels of particulate matter (PM) in Reykjavík occur several times a year. The main sources of daily variation in PM are traffic or highly localized (e.g. construction)
Introduction
Small particles (<10 µm in diameter) play an important role in the earth-atmosphere-ocean system and have been shown to have an impact on soils (both where eroded and where deposited), atmospheric and climatic processes and marine systems as well as on health, travel (in particular road and air) and infrastructure (Chan et al. 2005; Jickells et al., 2005; Krzyzanowski et al., 2005; McTainsh and Strong, 2007) . Particulate matter (or aerosols) includes solid and liquid particles suspended in the atmosphere and can be derived from both natural and anthropogenic sources such as windblown dust, sea salts, volcanic ash, smoke from fires and pollution from traffic and industrial emissions. Natural aerosols are generally (but not always) larger particles than anthropogenic aerosols. Here large is used to refer to particles with a diameter of ≤10µm (PM 10 ) and small for diameters ≤2.5µm (PM 2.5 ); using this definition, PM 10 includes PM 2.5 . The relative importance of different sources of particulate matter varies at global, regional and local scales, and seasonally. Dust storms contribute substantially to PM 10 concentrations in many regions of the world. The world's major dust source region is the Sahara accounting for about half the global dust emissions, and other important regions are generally arid, and large basins with internal drainage (Prospero et al., 2002; Griffin and Kellogg, 2004; Goudie, 2009) . Estimates of the total global emission of PM 10 material vary between 1000 -2000 Tg yr −1 ( Tegen et al., 2004; Tanaka and Chiba, 2006) . The concentration of aerosols in a dust storm can exceed 6000 µm m -3 and particles can be carried tens to thousands of kilometers from source (Song et al., 2007) .
Over the past few years, therefore, considerable effort has been put in to achieving a better understanding of dust emissions, transport and deposition. These investigations have included fieldbased studies, but have also drawn heavily upon satellite data which have been used effectively to identify dust sources and dust transport paths, both at the global scale and for individual dust storm events (e.g. Baddock et al., 2009; Prospero et al., 2002; Schepanski et al., 2007) . Most of this research has been focused on the prominent global dust sources in the subtropics, however significant dust events also occur in higher latitudes, particularly in pro-glacial and paraglacial regions (Ballentyne, 2002; Prospero et al., 2008) . These include Alaska (Hope et al., 1991; Crucius et al., 2011) , Greenland (Dijkmans and Törnqvist, 1991; Bullard and Austin, 2011) , Iceland (Arnalds et al., 2001 , Arnalds, 2010 , northern Canada (Nickling, 1978) , New Zealand (Marx and McGowan, 2005; Wang and Shooter, 2005) and southern Patagonia (Gassó and Stein, 2007) . The focus of this paper is dust storms in southern Iceland.
AEOLIAN ACTIVITY IN ICELAND
Sandy deserts with active aeolian processes cover at least 20 000 km 2 (~20%) of Iceland (Arnalds et al., 2001 ) and their distribution is closely associated with the island's icecaps, the active volcanic systems and eroded soils (Arnalds, 2010) . Glaciers are very efficient producers of fine particles, less than 2000 µm, due to the grinding action of ice over subglacial sediments and bedrock, and these are transported beyond the ice in meltwater as suspended sediments. In general, meltwater suspended sediment concentration is very variable both seasonally within a single sub-glacial catchment (Hodson and Ferguson, 1999; Bullard and Austin, 2011) and from region to region depending on glacier dynamics, thermal regime and geology (Orwin et al., 2010) . Such spatial and temporal variability makes it difficult to obtain representative values, but suspended sediment concentrations can easily exceed 4000 mg l -1 and total annual loads can exceed 45,000 t yr -1 (summarized in Orwin et al., 2010) . Although some of this load will be transported directly by rivers to the oceans, large meltwater flood events can deposit thick layers of fine sediment across proglacial floodplains (known as sandur in Iceland). Icelandic glaciers are warm-based and dynamic and all the major ice caps feature surge-type glaciers (Björnsson and Pálsson, 2008) .
Meltwater sediment concentrations, particular the fine sediment component, increases during surges and is also often elevated during glacier-related floods (jökulhlaups) (Sigurðsson, 1998; Pálsson et al., 2000) . A lack of vegetation and strong winds cause the aeolian redistribution of these sediments (Dugmore et al., 2009; Guðbergsson, 1996) , and whilst the coarser sand-sized particles are typically retained around the margins of the icecaps (Gisladottir et al., 2005) , the finer material, including PM 10 , can be transported greater distances as dust plumes which are visible on satellite imagery (Ovadnevaite et al., 2009 Wind also has had a major impact on soil development in Iceland and preserved soils have therefore archived aeolian activities. During periods of intense aeolian activity local redistribution of soils and sediment have resulted in coarser soil texture (Ólafsdóttir and Guðmundsson, 2002; Jackson et al., 2005; Dugmore at al., 2009; Gísladóttir et al., 2010) -this is because soils have lost their fine material and light particles such as soil organic carbon, which have been transported off-shore in large quantities (Óskarsson et al., 2004; Gísladóttir et al., 2010) , or into sediment traps such as lakes (Gathorn-Hardy et. al., 2009; Geirsdóttir et al., 2009 ).
The areas of active aeolian activity in Iceland receive precipitation ranging from <400 mm rainfall per year (semi-arid) to >2000 mm per year (very humid) (Arnalds et al., 2001 ). Dust storms generally occur when weather is, or has been, dry (Gisladottir et al., 2005) and the threshold wind speed for entrainment (measured at 2 m elevation) for Icelandic sand surfaces ranges from 5-10 m s -1 depending on surface roughness (Arnalds et al., 2001; Gisladottir et al., 2005) .
In some remote high latitude regions dust storms have little direct anthropogenic impact, however, in others they may have a significant effect on air quality in populated regions. For example, high levels of particulate matter are commonly recorded in Reykjavík, the capital city of Iceland.
Although some of this can be attributed to the accumulation of traffic pollution, especially under still conditions, or to construction site activity within the city (Jóhannsson, 2007) , there are often days when aerosol concentration is high but cannot be attributed to these factors.
The aim of this paper is to examine three episodes when high particulate concentrations were Gmbh instrument (Böðvarsdóttir, 2007) . They also record data on weather conditions, and several other air pollutants (Böðvarsdóttir, 2007) . There is also a recently established station, HEH, in
Hafnafjörður, approximately 10 km SSW of GRE and FHG, within the greater Reykjavík area, which also measures PM 10 concentration (instruments include Thermo 5030/42i/450i). The PM 10 levels used below to examine the dust storm peaks come from these three (GRE, FHG and HEH) stations. There are no permanent measuring stations for PM pollution outside the greater Reykjavík area in Iceland, so information about remote sources of PM has to be obtained indirectly. has been demonstrated a useful tool for identifying dust sources (Borge et al., 2007; Karaca et al., 2009; McGowan and Clark, 2008; Rivera et al., 2009 ). The online version of the HYSPLIT model (Draxler and Rolph, 2010 ) was used to model both forward and backward trajectories.
SATELLITE

Description of the dust events
The PM 10 pollution in Reykjavík is generally low; the annual level is around 22 g m -3 (Fig. 2) .
However, throughout the year the level of PM 10 pollution is characterized by sharp, short duration, peaks in concentration. On April 28, 2007, a large peak in PM 10 pollution was measured at both GRE and FHG stations (Fig. 5) . The concentration the day before and after at FHG was normal, that is, much lower, with peak values around 50 μg m −3 which was typical for the FHG station in 2007.
The MODIS Aqua satellite image captured at 13:45 UTC (local time) on the same day as this event clearly shows dust blowing from Landeyjasandur and Markarfljót towards Reykjavík (Figure 5d ).
Landeyjasandur covers about 60 km 2 area and is located ~114 km from Reykjavík on a bearing of ~125° from N. The wind-speed and direction agree well with the visual evidence (Fig. 5) . The ÞYK station is located ~30 km from Landeyjasandur, almost perfectly on the particle path to Reykjavík (Fig. 1) . The wind-speed was high enough to initiate saltation (U t ~ 8 m s −1 ), that is, over 8 m s −1 from 7:00h till 18:00h at FHG and ÞYK (even higher at STO), and the wind direction close to SE.
At a wind speed of 8-10 m s −1 , it takes approximately 3−4 hours for a particle to be passively carried that distance.
Forward modeling using NOAA HYSPLIT confirms that the particle paths of particles originating from Landeyjasandur between 10:00h till 18:00h went directly over Reykjavík on April 28, 2007.
The same is true when modeling backwards trajectories from Reykjavík between 12:00h and 20:00h.
<Figure 5>
DUST STORM ON JUNE 4, 2008
The measured PM 10 pollution at FHG and GRE on June 4, 2008 (Fig. 6) , shows a clear maximum around noon (12:00h) and another in the afternoon (around 18:00h). The data from HEH also shows a similar pattern (Fig. 6 ), although the 1200h peak is quite small. The PM 10 values at FHG are usually below 50 μg m −3 when due to traffic only, and below 100 μg m −3 at GRE.
On an image from the Aqua satellite taken at 13:45h (UTC), a dust storm stemming from Landeyjarsandur does not seem to reach Reykjavík 2 . This agrees well with model runs in HYSPLIT, where the source of the measured PM 10 does not seem to come from Landeyjarsandur. Instead particles, arriving at FHG around 12:00h (and possibly 16:00h), originated from ENE to ESE, possibly as far as Skaftárjökull and Tungaárjökull, which are outlet glaciers of Vatnajökull (Fig. 1 ).
There was an atmospheric low near the country at the time (Fig. 6 ), so particle paths should be considered only as an indication, as the wind direction may change significantly over short time spans. The wind speed and direction on June 4, 2008, measured at FHG, ÞYK and STO (Fig. 6 ),
shows that 3 -5 hours before the peak concentration around noon (Fig. 6 ), the wind direction was around 100° (10° south of east) and the wind speed over 8 m s −1 at 8:00h at ÞYK. There is a change -8 -in wind direction around 14:00h, to ~120°, which may explain the reduced levels of PM 10 pollution around that time, and possibly indicates a new source for the dust peak around 18:00h, this time from Landeyjarsandur as in the previous example.
<Figure 6>
DUST STORMS ON JULY 26 AND 27, 2008
The measured PM 10 pollution at GRE and HEH on July 26 and 27, 2008, shows large peaks at around 15:30h on the 26th (little later at HEH than GRE), and 18:00h on the 27th (Fig. 7) .
A MODIS image from the Terra satellite on July 26, 2008, at 13:40h (UTC) clearly shows a dust storm stemming from Landeyjarsandur and blowing over Reykjavík 3 .
The wind speed and direction again suggest Landeyjarsandur as a source area (Figure 7 ). The wind speed picks up at GRE to over 7 m s −1 and the direction changes to ~120° around 8:00h on the 26th.
At ÞYK the wind speed reaches 10 m s -1 around noon on the 26th. On the 27th the wind starts to pick up around 14:00h, reaching 5 m s −1 around 15:00h at GRE, at the same time the wind direction changes to between 140° -120° at GRE, ÞYK and STO.
<Figure 7>
Estimation of dust source strength
Based on the measured strength of PM 10 pollution in Reykjavík we estimate the quantity of dust transported by wind away from the Landeyjasandur source area seen on the satellite images. To do that we use a simple Gaussian plume model for the distribution of particulate matter. The model assumes a point source, and to estimate the source strength we use equations that relate the horizontal sediment flux to the vertical flux of PM 10 material (Draxler et al., 2001; Zender et al., 2003) . Our approach is to use the Gaussian plume model to estimate the strength of the source, and compare that to an independently calculated estimate of the source strength. 
where  = 1.25 kg m −3 is the density of air, g = 9.81 m s −2 is the acceleration of gravity, u * is the friction velocity, and u t the threshold friction velocity. K is a soil surface texture coefficient and is derived from the ratio of vertical (F) to horizontal (Q tot ) mass flux. The value of K for a given threshold velocity is variable (Draxler et al. 2001, their Figure 2 ; Zender et al. 2003) and also varies with the particle-size distribution of the soil surface. Arnalds et al. (2001;  Table 2 ) quote a mean grain size for surface sediments at Landeyjasandur of 0.41 mm (medium sand), so for these calculations Gillette et al.'s (1996 Gillette et al.'s ( , 1997 value of K = 1/(0.56x10 -3 ) for sand was used.
The velocity profile as a function of height above the surface is,
where U is velocity at height z, u * is the friction velocity, k is Von Karman's constant, assumed to be 0.41, and z 0 is the surface roughness. The drag coefficient (C D ) for saltating conditions (U > U t ) is (Draxler et al. 2001) ,
where U t is the threshold velocity at height z (Eq. 2) and
The surface roughness z 0 and threshold velocity u t for Landeyjasandur is obtained from Arnalds et al. (2001; their (Fig. 8) , which is consistent with the data from Landeyjasandur (Arnalds et al., 2001, their Table 2 ).
<Figure 8>
To calculate the source strength for PM 10 material we need to multiply F (Eq. 1) with an area A, to get the mass flux S (kg s −1 ). The size of the source area A and the wind speed U at the source location are not precisely known, therefore Figure 9 shows the mass flux F as a function of wind speed with the units (kg km −2 s −1 ). At a distance of 100 km, and Pasquill stability category C, the concentration scales with the source strength S (kg s −1 ) and wind speed U as c ~ 12.5 S U −1 μg m −3 . The PM 10 concentration from a point source, calculated using Eq. 5, is shown in Fig. 10 .
Wind speed U of 5 − 10 m s −1 is generally considered necessary for entrainment, and was measured for Icelandic loess/sands (Arnalds et al., 2001) . The settling velocity of 10 μm particles is about 5 mm s −1 , which yields 18 m during 3 hours. So settling is not likely to have a large effect, as long as the weather is dry.
A point source of a source strength S of about 200 kg s −1 (Fig. 10) 
Discussion and conclusions
The calculation of vertical flux of small, D p < 50 μm, particles is emperical due to uncertainties about the interaction of these small particles (Kok and Renno, 2006; Shinbrot and Herrmann, 2008) .
It is calculated as a fraction of the total horizontal flux of particle mass Q (Draxler et al., 2001; Zender et al., 2003) ,
The value of the constant  is quite uncertain (Zender et al., 2003; Draxler et al., 2001) , values between 0.1 -10.0 ×10 −3 m −1 seem possible and a significant determinant is the mass fraction of clay (Marticorena and Bergametti, 1995; Zender et al., 2003) . The vertical flux F calculated using Equation (1) is equal to the vertical flux calculated using the method of Marticorena and Bergametti (1995) , as outlined in Zender et al. (2003) , with sediments dominated by sands and a clay fraction of 2.5%.
Periods of high (>100 μg m −3 , 30-min values) levels of particulate matter pollution (PM 10 ) in
Reykjavík are directly related to aeolian sediment transport from the sandur region at Landeyjasandur some 100 km ESE of the capital city. Landeyjasandur is a coastal area and part of the floodplain of the Markarfljót river which is fed by meltwater from the Mýrdalsjökull and Eyjafjallajökull ice caps. There is a long history of glacial outburst flood events that have affected large areas of the floodplain (40-50 km 2 ) and deposit material that is susceptible to aeolian entrainment (Smith and Dugmore, 2006) . Arnalds (2010) identified Landeyjasandur as a major dust plume source area in his recent review of Iceland dust sources and this is confirmed by the events analysed in this paper. Satellite images show that sandur regions around the glaciers in Iceland are prone to aeolian sediment transport and that significant amount of dust is transported to populated areas, like Reykjavík. Dust storms, like those studied here, were important contributors to the exceeded daily 50 μg m −3 health limit measured at the GRE station in 2007 and 2008.
Given frequent dust storms in Iceland, the impacts of these processes are large both on and off-site (Fig. 5) . Further modeling of the concentration and distribution of different PM sizes from source areas might have additional implications. Such information might help quantifying material transported locally and regionally which may impact soil development (e.g. Óskarsson et al., 2004; Gísladóttir et al., 2010) and vegetation (e.g. Gisladottir et al., 2005; Vilmundardóttir et al., 2009) .
Furthermore, the model might help to quantify the proportions of material transported from the country (e.g. Arnalds and Metúsalemsson, 2004) and quantify pollution in Reykjavík and other urban areas in Iceland from remote dust sources. We can expect an increase in dust storm frequency in Iceland in the future and accordingly increased impact on human health. As a result of climate warming during the 20 th century all glaciers in Iceland have retreated (Björnsson and Pálsson, 2008) . The receding glaciers leave behind loose sediments with a wide range of particle size from fine silt to coarse sand. Lagoons often form at the terminus of retreating glaciers, and large quantities of glacial sediment are deposited into them. These sandy deposits tend to be finely textured (silt) and when the lagoons drain, they are a major source of aeolian material (Gisladottir et al. 2005 , Sugden et al., 2009 .
At the global scale, climate change is expected to cause major changes to the ways in which geomorphological processes operate in cold climate environments. Ice retreat triggers new phases of landscape evolution and the influence of glaciers and ice sheets, particularly on fluvial sediment loads, persists long after deglaciation (Dadson and Church, 2005) . This influence can be spatially extensive, but is particularly intense in proglacial areas adjacent to ice sheet margins that are directly influenced by fluxes of water and sediment from the ice and which are expected to expand as ice masses contract during the 21 st century. Aeolian processes are pervasive in proglacial regions and the magnitude and frequency of aeolian sediment transport events and their impact on glacierised landscapes depends on the extent to which the availability of fine sediment from the ice mass, usually through meltwater, and the winds above the threshold for sediment transport coincide causing, for example, pulsed dust emissions as has been reported from glacial outwash plains in Alaska and Greenland (Bullard and Austin, 2011; Crucius et al. 2011) . Climate-driven ice retreat is likely to result in increased mobilisation of fine particles from long-term glacial sediment stores (Hodgkins et al., 2003 ) -this will deliver greater quantities of fine sediments to the outwash plains than at present, increasing the magnitude and frequency of dust emissions. Table 2 ). The value for
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Landeyjasandur (Arnalds et al., 2001 , Table 2 ) is marked by a '+'. 
